A transmitted light without analyzer was led into the pump-probe twist nematic experiment in azo-dye-doped liquid crystals to observe the light scattering from the dye-adsorbed surface during photoalignment. The morphology of the dye-absorbed surface monitored by this transmitted light is correlated with the formation of the ripple structure, which is reflected by the anchoring of the dye-adsorbed layer, which is, in turn, revealed by measuring the surface director reorientation angle throughout the process. As the regular ripple structure is gradually formed, the Rayleigh scattering is transferred to the Mie scattering since the scale of the ripple structure is at the wavelength. Alignment is an important procedure in liquid crystal ͑LC͒ displays, enabling LCs to be effectively applied. In industry, a polyimide/polymer film coated on glass subtracts is rubbed by mechanical buffing to form an alignment layer. The contact alignment method causes some dust particles and electrostatic charges on the rubbed surface. To avoid this problem, a noncontact alignment method, photoalignment, must be developed.
Alignment is an important procedure in liquid crystal ͑LC͒ displays, enabling LCs to be effectively applied. In industry, a polyimide/polymer film coated on glass subtracts is rubbed by mechanical buffing to form an alignment layer. The contact alignment method causes some dust particles and electrostatic charges on the rubbed surface. To avoid this problem, a noncontact alignment method, photoalignment, must be developed. 1 A major advantage of photoalignment is probably its ultrathin layer. This nanometer layer will not shield the applied voltage when a thin LC layer is employed for achieving fast response time. 2 Gibbons et al. 3 and Schadt et al. 4 were the pioneers in the photoalignment field. After them, photoalignment can be achieved by doping azo dyes into LCs. Simoni and co-workers [5] [6] [7] and Fuh and co-workers [8] [9] [10] observed the dye-induced LC reorientation on the surface with and without polymer coated, respectively. A surface without polymer coated was used in this work.
When excited by linearly polarized light, azo dyes in a LC sample undergo absorption, photoisomerization, diffusion, desorption, and adsorption on a surface-in that order. It deserves to be mentioned that light-induced desorption is less important than light-induced adsorption for the cell without any surface treatment and with large sample spacing, which is compared to Refs. 6 and 7, respectively. Therefore, light-induced desorption does not affect the dynamics of photoalignment in this work. In the photoalignment process, the dye-adsorbed layer is formed and the adsorbed dye molecules can interact with the surrounding LC molecules by intermolecular force, so the LC director is reoriented perpendicular to the pump field. 9, 10 After the sample is irradiated for a long period, a ripple structure that is parallel to the pump field is finally generated. 9, 10 The ripple structure supports stronger surface anchoring in its groove direction than does the early adsorbed layer. 9, 10 The whole process of photoalignment in azo-dye-doped LCs ͑ADDLCs͒ should be investigated by monitoring the formation of the ripple structure further.
In this work, to reveal the real-time change in the surface morphology, the transmitted intensity without analyzer is plotted versus irradiation time t ͓T͑t͒ curve͔. The T͑t͒ curve is combined with the surface director reorientation angle ͑͒ versus irradiation time t ͓͑t͒ curve͔, so the light scattering effect and the surface anchoring caused by the adsorption of dyes are analyzed simultaneously. Furthermore, with the assistance of the result of scanning electronic microscope ͑SEM͒ images, the change in the surface morphology is clearly presented in the photoalignment process and gives a witness for the relationship between the formation of the ripple structure and light scattering. Figure 1 shows the experimental setup for the investigation of dynamic photoalignment in the ADDLC sample. The ADDLC sample is fabricated from two glass substrates that are separated by two 15 m thick plastic spacers, and then the empty cell was filled with the homogeneous dye-doped LC mixture of 1 wt % azo dyes ͓methyl red ͑MR͒ from Aldrich͔ and nematic LC ͑E7 from Merck͒. The optical absorption of MR lies between blue and green wavelengths, 5, 10 and the corresponding refractive index, n, is ϳ1.6. A polyvinyl alcohol film is precoated onto one of the two glass substrates and rubbed in a unique direction ͑x axis͒ to form a homogeneously aligned cell. The surfaces with and without an alignment film are labeled reference and command surfaces ͑S R and S C ͒, respectively. The two polarizers ͑P͒ with transmission axis in the x direction are placed in front of the DPSS laser ͑ G = 532 nm͒ and the He-Ne laser ͑ R = 633 nm͒, defining the direction of polarization of the pump and probe lights. The direction of polarization of the pump light is parallel to the rubbing direction ͑x axis͒ to increase a͒ Electronic mail: kuanglo@mail.ncyu.edu.tw. the absorption of MR molecules. 5 It also decreases the lightinduced desorption effect due to that there is no vertical component in the pump field to induce the left adherent dyes ͑vertical to the rubbing direction͒ to be desorbed, which is compared to Ref. 6 . The probe light impinged on S R , and the pump light with an intensity of 5 mW/ cm 2 was incident onto S C with an incident angle, , of ϳ3°. The spot diameter of the probe light was about 1.5 mm, and the spot was covered by that of the pump light. After the incident probe light passed through the ADDLC sample, the signal was divided by a beam splitter into light 1 ͑L 1 ͒ and light 2 ͑L 2 ͒. The intensity of L 1 , I 1 , measured without an analyzer by a detector 1 ͑D 1 ͒ was used to plot the T͑t͒ curve. Since the experimental conditions are consistent with the Mauguin regime, 11 the LC director near the S C is in the direction of polarization of L 2 . Therefore, the angle with respect to the x axis is given by using the Malus law: I 2 = I 1 sin 2 , 12 where I 2 was obtained through an analyzer ͑A͒ ͑whose transmission axis was perpendicular to P͒ by the detector 2 ͑D 2 ͒. The detection of is a function of irradiation time and the corresponding plot yielded the ͑t͒ curve, namely, the pump-probe twist nematic experiment. Figure 2 plots the ͑t͒ and T͑t͒ curves for 40 h, and its inset shows the initial 0.5 h of the two curves in detail. After the polarized pump light is turned on, increases and the corresponding T decreases with time, as in the inset of Fig. 2 . The rise of the ͑t͒ curve is attributed to the fact that the anisotropic adsorption of dye molecules on the S C induces the LC director to be reoriented from its initial direction ͑ =0 o ͒ toward the direction perpendicular to the pump field, which is consistent with the previous work. [8] [9] [10] The decay of the T͑t͒ curve indicates that the dye-adsorbed layer on S C scattered the polarized probe light to a degree that increases with the adsorption amount of dye molecules. The T͑t͒ curve demonstrates that dye molecules are adsorbed on S C in the photoalignment process and also provides a dynamic observation of the surface morphology on optical scale. The ͑t͒ curve records the change in the easy axis of the LC molecules which is dominated by the anchoring of the dyeadsorbed surface. Figures 3͑a͒ and 3͑c͒ show the initial probe and pump beam profiles across the ADDLC sample, respectively. After irradiation for 10 min, the probe and pump beam profiles are as shown in Figs. 3͑b͒ and 3͑d͒ , respectively, and they are clearly characteristic by a scattering. These results indicate the reasonableness of the scattering of light during photoalignment in the ADDLC sample. The absorption of the excited dye molecules, cis-isomers, also leads to decay of the transmitted intensity, but the absorption of cis-isomers is too weaker under the intensity of the pump light ͑3 mW/ cm 2 ͒, and it is ignored in this experiment. 10 After the initial rise of the ͑t͒ curve ͓decay of the T͑t͒ curve͔, the LC director near S C becomes reoriented toward 90°͓the corresponding T͑t͒ curve reaches a minimum͔, as shown in the inset of Fig. 2 , where the degree of scattering of the probe and pump light reaches a maximum. After this situation had been maintained for 1.3 h, a ripple structure was gradually formed by modulating the dye-adsorbed surface, as shown in the Fig. 2 . The mechanism of formation of the ripple structure supposedly involves the interference field which is established by the extreme scattering of the pump light. 10, 13 Based on the stability of the surface structure, the ripple structure has to follow the direction of minimum surface energy to be built, which corresponds to the distribution of the interference field, which is, in turn, decided by the polarization direction of the pump light. Therefore, the orientation of the ripple structure in this work is parallel to the pump field. Therefore, the ͑t͒ curve decays during the formation of the ripple structure, as presented in Fig. 2 .
To elucidate the relationship between the formation of the ripple structure, T͑t͒, and the corresponding ͑t͒ curve, are both divided into three stages-I ͑for 1.3-9 h͒, II ͑for 9-20 h͒, and III ͑for 20 h to end͒, as displayed in Fig. 2 . In stage I ͑the beginning stage of the ripple structure͒, the ͑t͒ curve decreases while the T͑t͒ curve remains at the minimum value because the regular ripple structure on S C has not yet formed so the light scattering remains invariant. In stage II ͑the growth stage of the ripple structure͒, the decay rate of the ͑t͒ curve exceeds that in stage I, and the corresponding T͑t͒ curve rises. As the regular ripple structure is gradually formed, the ripple structure in stage II is more regular than that in stage I, such that the surface anchoring is enhanced. At the same time, the Rayleigh scattering from the isolated or separated dye-adsorbed grain is transferred to the Mie scattering since the regular ripple structure is at the scale of the wavelength.
14 Therefore, the raise of T͑t͒ curve is due to that the distribution of the Mie scattering is more centralized than that of Rayleigh scattering under the profile of the regular ripple structure. 15 In stage III ͑the stable stage of the ripple structure͒, the rate of decay of the ͑t͒ curve becomes low, and the T͑t͒ curve does not rise further but remains constant. The regular ripple structure has been formed, and the adsorption of dye molecules increases the depth of the grooves in the ripple structure and in turn enhances the surface anchoring coefficient. 10 Therefore, the LC director reorients toward the original direction ͑ =0°͒, as in stage III of Fig. 2 . The Mie scattering of light does not obviously vary due to that the spacing of the ripple structure remains the same in the optical view. This result reflects that the anchoring of the ripple structure could lead to the erroneous judgment if we only observe the SEM images of that. Therefore, the nondestructive and instantaneous measurement ͓T͑t͒ and ͑t͔͒ is helpful to the judgment on the profile and anchoring, respectively. The spatial spacing of the regular ripple structure obtained from SEM image is ϳ330 nm ͑not shown herein͒, which is consistent with the theoretical value ⌳ = G / ͑n cos ͒ ͑Ref. 10͒ under the experimental conditions ͑ G = 532 nm, n = 1.6, and =3°͒. This analysis supports the phenomena of the Mie scattering and the hypothesis of the presence of an interference field.
This work presents the dynamics of photoalignment in the ADDLC sample by combining the ͑t͒ curve and the T͑t͒ curve. In the photoalignment process, the change in the surface morphology in an ADDLC sample was recorded by the light scattering, and the corresponding change of the surface anchoring was reflected by the easy axis of LC near the surface. The experimental results verify that the formation of the ripple structure is correlated with light scattering which is induced by adsorption of dye molecules on S C . The indicator of that the Rayleigh scattering is transferred to the Mie scattering reveals the fact that the regular ripple structure is established.
